1. Introduction {#sec1}
===============

Bacteria produce a plethora of extracellular compounds during growth as well as in stationary phase ([@bib41]). Some of these compounds are attractive metabolites in industrial microbiology, for instance the large-scale production of amino acids that find application as flavoring agents, as feed additives, as artificial sweeteners, and for pharmaceutical purposes ([@bib13]). Recently, an increasing demand for amino acids has led to the application of new technologies towards the development of amino acid-producing microbial cells ([@bib27]). Industrially, the secretion of amino acids by some bacteria has an economic relevance for biotechnological fermentation procedures, as it simplifies the extraction and purification of these metabolites. For instance, the first described glutamate-secreting bacterium *Corynebacterium glutamicum* has been used in engineering approaches to increase the production of glutamate, lysine and other flavor active amino acids at a large-scale ([@bib23]).

Besides their production as bulk biochemicals by fermentative procedures, amino acids are relevant precursors of flavor compounds in dairy fermentations ([@bib13]; [@bib34]). Therefore, the selection of bacterial strains that naturally (e.g. through mutations) overproduce and secrete amino acids is relevant in food industry as well. However, the diffusion of these compounds into the environment where these strains grow, is a limiting factor to achieve this selection ([@bib9]). To facilitate the selection process of bacterial strains that show higher production levels of secreted compounds, approaches where producers are co-cultivated with a biosensor in microdroplets have been developed ([@bib58]). In principle, biosensors translate the presence of metabolites into a fluorescence signal, and facilitate the screening process by their combination with high-throughput approaches ([@bib35]). Amino acid biosensors can overcome the problem of quantifying the amount of free amino acids in complex (food) matrices, and also provide the possibility of continuous monitoring of the amino acid concentration during fermentation processes ([@bib5]).

In dairy fermentations, the starter cultures produce amino acids that enhance the flavor of food products ([@bib3]; [@bib7]). Lactic acid bacteria (LAB) have been extensively used in manufacturing processes to obtain fermented foods due to their contribution to the aroma and texture of the products . *Lactococcus lactis* is one of the best-known LAB, and it has become a paradigm in terms of understanding proteolysis and peptide utilization ([@bib36]; [@bib55]). This bacterium is fastidious in nutrient requirements. For instance, most *L. lactis* strains are auxotrophic for several amino acids: isoleucine, leucine, valine, glutamic acid, histidine and methionine ([@bib1]; [@bib57]; [@bib62]). In fact, a limiting factor in cheese production is the low growth rate as a result of the small amounts of free essential amino acids in milk ([@bib61]). Thus, since casein is the most abundant protein in milk, an efficient proteolytic system is required to breakdown casein molecules into peptides, which intracellularly undergo further degradation to provide *L. lactis* with essential amino acids during growth in milk ([@bib44]).

The formation of flavor compounds is dependent on the proteolytic system of LAB ([@bib54]). The casein degradation starts by the activity of the extracellular proteinase PrtP, which produces oligopeptides of 4 to 30 amino acid residues. Next, the casein-derived peptides are imported into the cell via the oligopeptide transport system Opp, and the di- and tripeptide transport systems DtpP and DtpT. Inside the cell, the imported peptides are degraded by aminopeptidases (PepN, PepX, and PepC) and endopeptidases (PepO and PepF), giving rise to free amino acids. Lastly, some of the free amino acids contribute directly, or only after chemical or enzymatic conversion, to the formation of flavor and aroma compounds such as aldehydes, alcohols and esters ([@bib19]; [@bib43]; [@bib61]).

Based on cheese trials and sensory panels, the contribution of amino acids to flavor formation has been described ([@bib7]; [@bib15]; [@bib25]). Alcohol, aldehydes and esters are mainly derived from branched-chain amino acids (valine, leucine and isoleucine), whereas sulphur aroma is enriched by the presence of methionine and cysteine, and floral/fruity notes are produced by aromatic amino acids (tyrosine, tryptophan and phenylalanine) ([@bib26]; [@bib46]; [@bib53]). Notably, sensory analysis revealed that glutamate is the main source of umami taste in Cheddar and Swiss cheese, and the intensity of umami taste increases as more free glutamic acid is produced during cheese ripening ([@bib20]; [@bib59]).

In this study, we developed a growth-based biosensor to detect secreted amino acids (Leu, Ile, Val, Met, Glu, His) by using a *L. lactis* strain that lacks functional peptide transport systems. Thus, the *L. lactis* biosensor only grows in the presence of free amino acids, and essentially it can be applied to select overproducer cells of any other bacteria able to provide the biosensor with the essential amino acids. We used *L. lactis* strains as producer cells to benchmark the performance of our biosensor. A first screening for amino acid secretion, based on the growth of the fluorescent biosensor revealed that some wild-type *L. lactis* strains are naturally able to secrete the essential amino acids. To identify mutants of strain IPLA838 with increased amino acid secretion, we performed droplet-based high-throughput screening, which allowed us to isolate non-GMO bacterial strains with the desired phenotype and potentially higher flavor-forming capacity.

2. Material and methods {#sec2}
=======================

2.1. Bacterial strains and plasmids {#sec2.1}
-----------------------------------

The bacterial strains used in this study are listed in [Table S1](#tbl1){ref-type="table"}. *L. lactis* cells were grown as standing cultures at 30 ​°C in M17 broth (Difco™ BD, NJ, USA) or in standard chemically defined medium (CDM) ([@bib24]), supplemented with glucose or lactose (Sigma-Aldrich, MO, USA) at a concentration of 0.5% (w/v). CDM contained 49.6 ​mM NaCl, 20.1 ​mM Na~2~HPO~4~, 20.2 ​mM KH~2~PO~4~, 9.7 ​μM (±)-α-lipoic acid, 2.10 ​μM D-pantothenic acid, 8.12 ​μM nicotinic acid, 0.41 ​μM biotin, 4.91 ​μM pyridoxal hydrochloride, 4.86 ​μM pyridoxine hydrochloride, 2.96 ​μM thiamine hydrochloride, 0.24 ​μM (NH~4~)~6~Mo~7~O~24~, CaCl~2~ 20.4 ​μM, 1.07 ​μM CoSO~4~, 1.20 ​μM CuSO~4~, 1.04 ​μM ZnSO~4~, 20.12 ​μM FeCl~3~, 1.46 ​mM L-alanine, 1.40 ​mM L-arginine, 0.61 ​mM L-asparagine, 1.03 ​mM L-aspartic acid, 0.35 ​mM L-cysteine, 0.66 ​mM L-glutamic acid, 0.66 ​mM L-glutamine, 0.39 ​mM glycine, 0.16 ​mM L-histidine, 0.63 ​mM L-isoleucine, 0.89 ​mM L-leucine, 1.02 ​mM L-lysine, 0.27 ​mM L-methionine, 0.39 ​mM L-phenylalanine, 3.58 ​mM L-proline, 1.64 ​mM L-serine, 0.57 ​mM L-threonine, 0.18 ​mM L-tryptophan, 2.76 ​mM L-tyrosine and 0.73 ​mM L-valine.

*E. coli* DH5α (Life Technologies, Gaithersburg, MD, USA) strains were used to isolate the plasmids listed in [Table S1](#tbl1){ref-type="table"}. Cells were grown at 37 ​°C in Luria-Bertani broth or Luria-Bertani agar 1.5% (w/v) (Difco™ BD, NJ, USA).

2.2. Media and culture conditions {#sec2.2}
---------------------------------

The CDM-casein medium used in this study was prepared based on the chemically defined medium recipe, but without the amino acid solution, resulting in medium named CDM-aa in this study. CDM-casein contains casein according to Hammarsten 1% (w/v) (Merck & Co., NJ, USA), and was supplemented with glucose or lactose (Sigma-Aldrich, MO, USA) at a concentration of 0.5% (w/v).

M17-agar plates were prepared by adding agar 1.5% (w/v) and glucose (GM17) or lactose (LM17) to M17. When necessary, the culture medium was supplemented with erythromycin (Sigma-Aldrich, MO, USA) 5 ​μg ​mL^−1^ or chloramphenicol (Sigma-Aldrich, MO, USA) 5 ​μg ​mL^−1^.

For microscopy experiments and plate-reader assays, *L. lactis* overnight cultures were grown in the standard CDM, i.e. with amino acid solution, supplemented with glucose 0.5% (w/v) and the corresponding antibiotic. Cells were collected by centrifugation from exponential growth cultures (optical density of 0.3 ​at 600 ​nm) and washed three times with phosphate-buffered saline (PBS) solution (pH 7.2) containing: KH~2~PO~4~ 15.44 ​μM, NaCl 1.55 ​mM and Na~2~HPO~4~ 27.09 ​μM.

Subsequently, for co-cultivation experiments, washed cells of both strains were adjusted to optical density of 0.5 ​at 600 ​nm and mixed in a 1:10 ratio (producer strain:GFPsensor). The CDM-casein medium was used to perform the co-cultivation experiments. The mixture of cells was used to perform time-lapse experiments or plate-reader assays.

2.3. General DNA manipulation techniques {#sec2.3}
----------------------------------------

Procedures for DNA manipulations (gel electrophoresis and transformation) were performed as described by Sambrook and Russell ([@bib42]). PCR reactions were performed in an Eppendorf thermal cycler (Eppendorf, Hamburg, Germany) with *L. lactis* chromosomal DNA as template, using Phusion polymerase (Thermo Fisher Scientific Inc., MA, USA). Oligonucleotides ([Table S2](#appsec1){ref-type="sec"}) were purchased from Biolegio (Nijmegen, The Netherlands). Plasmid DNA and PCR products were isolated and cleaned-up with a high-pure plasmid isolation kit (Roche Applied Science, Mannheim, Germany), according to the protocol of the manufacturer. Subsequent sequencing (Macrogen, Amsterdam, The Netherlands) was used to verify the constructs.

2.4. Construction of the GFPsensor strain {#sec2.4}
-----------------------------------------

We used the *L. lactis* AG500 strain ([@bib32]). The vector pSEUDO::P~*usp45*~*-sfgfp(Bs)* ([@bib40]) was introduced into competent cells of *L. lactis* AG500 by electroporation (at 2.5 ​kV, 25 ​μF, 200 Ohm). The vector was integrated into the silent *llmg_pseudo10* locus by a single-crossover integration as described previously ([@bib40]). Transformants were selected on M17-agar plates supplemented with sucrose, glucose and erythromycin 5 ​μg mL^−1^, yielding the *L. lactis* GFPsensor strain.

2.5. DNA sequencing {#sec2.5}
-------------------

The mutated IPLA838 ​cells (MUTproducers) selected by FACS were isolated on M17-agar plates. A single colony of each strain was grown as standing culture in 5 ​mL of M17 broth, supplemented with 0.5% (w/v) lactose, and incubated overnight at 30 ​°C. Cells from the three cultures were collected by centrifugation at 10,000 ​rpm for 3 ​min in a Microfuge 16 centrifuge (Beckman Coulter, Woerden, The Netherlands). Genomic DNA was isolated with a GenElute bacterial genome DNA kit (Sigma-Aldrich, Munich, Germany) according to the manufacturer's instructions.

The genomes of all different colonies were paired-end sequenced at the Beijing Genomics Institute (BGI, Copenhagen N, Denmark) on a BGISEQ-500 platform. A total of 5 million paired-end reads (150 bp) were generated. FastQC version 0.11.589 was used to examine the quality of the reads. Identification of mutations was performed with Breseq ([@bib16]), using the complete genome of *Lactococcus lactis* subsp. *lactis* IPLA838, as a reference sequence.

2.6. Time-lapse microscope experiments {#sec2.6}
--------------------------------------

Washed cells were transferred to a solidified thin layer of CDM-casein with high-resolution agarose 1.5% (w/v) (Sigma-Aldrich, MO, USA). A standard microscope slide was prepared with a 65 ​μL Gene Frame AB-0577 (1.5 ​× ​1.6 ​cm) (Thermo Fisher Scientific Inc., MA, USA). A 30 ​μL volume of heated CDM-casein agar was set in the middle of the frame and covered with another microscope slide to create a homogeneous surface after cooling. The upper microscope slide was removed and 1 ​μL of bacterial cells were spotted on the agar. The frame was sealed with a standard microscope coverslip.

Microscopy observations and time-lapse recordings were performed with a temperature-controlled (Cube and box incubation system Life Imaging Services) DeltaVision (Applied Precision, Washington, USA) IX7I microscope (Olympus, PA, USA), at 30 ​°C. Images were obtained with a CoolSNAP HQ2 camera (Princeton Instruments, NJ, USA) at X60 or X100 magnification. 300-W xenon light source, bright-field objective and GFP filter set (filter from Chroma, excitation 470/40 ​nm and emission 525/50 ​nm). Snapshots in bright-field and GFP-channel were taken every 10 ​min for 20 ​h with 10% APLLC while LED light and a 0.05 ​s exposure for bright-field, or 100% xenon light and 0.8 ​s of exposure for GFP-signal detection. The raw data was stored using softWoRx 3.6.0 (Applied precision) and analyzed using ImageJ software ([@bib45]).

2.7. Plate reader assays {#sec2.7}
------------------------

Cultures of *L. lactis* were grown and prepared as described in Method 2.2. For growth curves, *L. lactis* cells were diluted 1:50 in CDM-casein, containing glucose or lactose 0.5% (w/v). Growth was recorded in 0.2 ​mL cultures in 96-well micro-titer plates and monitored by using a micro-titer plate reader VarioSkan (Thermo Fisher Scientific Inc., MA, USA). Growth was recorded with measurements of the optical density at 600 ​nm (OD~600~) and the GFPsensor signal (excitation 485 ​nm and emission 535 ​nm) was recorded every 10 ​min for 24 ​h. Both signals were corrected for the background value of the medium used for growth. The GFPsensor signals are shown in relative fluorescence units to the growth (RFU/OD~600~).

2.8. Quantification of amino acids content by HPLC {#sec2.8}
--------------------------------------------------

### 2.8.1. Sample preparation {#sec2.8.1}

Each bacterial strain was inoculated in 10 ​mL of CDM-casein and grown at 30 ​°C. Following growth (see [supplementary figure S3B](#appsec1){ref-type="sec"}), 5 ​mL of each culture was harvested by centrifugation at two points: A (OD~600~ ​= ​0.3) and B (OD~600~ ​= ​1.5). The supernatants were transferred into a clean tube, filtered through nitrocellulose Whatman filters (0.45 ​μm and 0.2 ​μm) and stored at 4 ​°C for subsequent HPLC analysis.

Derivatization of standard amino acids and samples with o-phtalaldehyde (OPA) and 9-fluorenylmethyloxycarbonyl (FMOC) reagent solutions was set to be carried out automatically in the HPLC autosampler. Briefly, the derivatization was performed with a programmable automatic injector by mixing 1 ​μL of sample (or standard solution) with 2.5 ​μL of borate buffer pH ​= ​10.4. After 0.2 ​min, 0.5 ​μL of OPA is added and mixed. Subsequently, 0.4 ​μL of FMOC added and mixed, followed by mixing 32 ​μL of solvent A (10 ​mM Na~2~HPO~4~ and 10 ​mM Na~2~B~2~O~7~, pH 8), and the final injection of the whole mixture.

### 2.8.2. HPLC conditions {#sec2.8.2}

HPLC amino acid analysis was performed on an Agilent 1100 HPLC binary system (Agilent, Santa Clara, USA) equipped with an 1100 Fluorescence detector (FLD) and a Gemini C18 column (2 ​× ​250 ​mm, 5 ​μm, Phenomenex, Torrance, USA). Borate buffer (0.4 ​M H~3~BO~3~) was used, and the mobile phases consisted of Solvent A (10 ​mM Na~2~HPO~4~ and 10 ​mM Na~2~B~2~O~7~, pH 8.2) and Solvent B (mixture of 45:45:10 acetonitrile/methanol/water). An aliquot of 1 ​μL derivatized sample (ad described above) was injected into the HPLC column equilibrated with Solvent A. The elution was carried out at a flow rate of 0.5 ​ml/min with the following program: from 0 to 0.5 ​min in 2% Solvent B, from 0.5 to 20 ​min gradient step to reach 57% Solvent B, from 20 to 20.1 ​min gradient step 57--100% solvent B, 20.1 to 23.5 ​min 100% solvent B, 23.5 ​min to 23.6 ​min from 100% to 2% solvent B, and at 25 ​min ended.

The fluorescence detector (FLD) was set to Ex ​= ​340 ​nm ​Em ​= ​450 ​nm for all OPA derivatives and Ex ​= ​266 ​Em ​= ​305 ​nm for the FMOC derivatives eluting at the end of the chromatogram.

### 2.8.3. Amino acids quantification {#sec2.8.3}

Quantifications of amino acids were performed based on a five point calibration line between 5 and 500 ​μM. Data analysis was performed by using the Chemstation software to quantify the amino acids. The concentrations of the amino acids were obtained by measuring the FLD peak areas.

2.9. Chemical mutagenesis {#sec2.9}
-------------------------

Ethyl methanesulfonate (EMS) at a final concentration of 25 ​mM was added to a 2 ​mL overnight bacterial culture of the IPLA838 strain. After 3 ​h ​h of exposure to EMS, the cells were washed, 500 ​μL of them were stored at −80 ​°C (sample 1) and the rest of the cells were diluted in GM17 for overnight recovery (1:100 dilution). From the recovered cells, 500 ​μL were stored (sample 2), and the rest of cells were exposed to EMS as described above, washed and 500 ​μL of them were stored at −80 ​°C (sample 3). The rest of the cells were recovered in GM17 overnight (1:100 dilution). 500 ​μL of the recovered cells (sample 4) were mixed with 500 ​μL of all the other three samples (sample 1, 2 and 3), resulting in the mutagenized IPLA838 sample used to produce agarose droplets.

2.10. Agarose-based droplet technique {#sec2.10}
-------------------------------------

### 2.10.1. Sample preparation {#sec2.10.1}

Ultra-low gelling temperature agarose (Sigma-Aldrich) 1.15% (w/v) was added to CDM-casein for agarose droplet generation. Cells were prepared as described in Methods 2.2, the cells were washed and transferred to the aqueous phase (CDM-casein with low-gelling agarose 1.15% (w/v). Assuming that OD~600~ ​= ​1 corresponds to 10^9^ ​cells mL^−1^, the concentration of producer cells was set to 2.6 ​× ​10^7^ ​cells mL^−1^ and GFPsensor cells was set to 2.7 ​× ​10^8^ ​cells mL^−1^. Both cells were mixed, collected by centrifugation, and resuspended in the warm agarose solution (30 ​°C).

### 2.10.2. Droplet formation {#sec2.10.2}

The agarose solution and oil solution (HFE-7500 fluorinated oil supplemented with 0.2% (v/v) pico-surf 1; Sphere Fluidics, Cambridge, UK) were mixed. Droplets were generated using a high-performance dispersing instrument (Ultra Turrax® T25, IKA). The resulted agarose droplets were incubated on ice for gelation. After solidification, the agarose beads were incubated for 20 ​h ​at 30 ​°C. After incubation, the beads were incubated on ice for 30 ​min. The emulsion was destabilized by addition of an equal volume of 20% (v/v) perfluoro-1-octanol (PFO). Droplets formation resulted in droplets with different size. Therefore, two rounds of filtration were performed (30 ​μm and 50 ​μm, CellTrics® Systems), yielding agarose beads of size between 30 -- 50 ​μm that can be sorted by fluorescence-activated cell sorting (FACS). The encapsulation of cells in droplets is dictated by the Poisson distribution, and it estimates the number of cells present in each droplet ([@bib12]; [@bib52]). Considering that the agarose beads have an average diameter of 40 ​μm, each bead contains an average of 9 GFPsensor cells. Additionally, \~36.6% beads contain one producer cell, \~16.3% beads contain 2 producer cells, \~40.9% beads not containing any cells, and \~6.2% beads containing 2 or more producer cells.

2.11. Agarose beads sorting {#sec2.11}
---------------------------

The agarose beads were washed and resuspended in PBS. The analysis/sorting of the beads was performed with a MoFlo XDP sorter (Beckman Coulter), using a nozzle of 150 ​μm. The GFP-signal at single-cell level was recorded in 30,000 events using a 488 ​nm argon laser. The FlowJo software was used for data analysis (<https://www.flowjo.com/>). The agarose beads showing a fluorescence signal higher than the wild-type sample were recovered by fluorescence-activated cell sorting (FACS). The single-beads sorting was performed in 96-well plates. Then, the selected *L. lactis* producer cells were recovered by incubation in M17 supplemented with lactose 0.5% (w/v), a growth condition where only producer cells grow.

2.12. Statistics {#sec2.12}
----------------

Statistical analyses were performed using Prism 6.01 (GraphPad software <https://www.graphpad.com/>). All experiments were repeated at least three times. All replicates are biological replicates.

2.13. Bioinformatics {#sec2.13}
--------------------

Alignments and sequences identities were determined by using Clustal Omega using the full-length protein sequences ([@bib49]). Identification of mutations was performed with Breseq version 0.32.1 ([@bib16]).

3. Results {#sec3}
==========

3.1. A whole-cell biosensor for selection of amino acid-secreting strains {#sec3.1}
-------------------------------------------------------------------------

*L. lactis* MG1363 is auxotrophic for the amino acids leucine, isoleucine, valine, methionine, histidine and glutamic acid, as most lactic acid bacteria ([@bib10]; [@bib22]). We constructed a *L. lactis* GFPsensor strain, which exhibits a constitutive GFP expression through the culture, and it is incapable of growth on peptides because it lacks functional peptide transporters (see Methods 2.4 and [Fig. S1](#appsec1){ref-type="sec"}). The sensor cells, deficient of all peptide transport systems, are fully dependent on the uptake of free essential amino acids from their environment to grow. We aimed to test the performance of the constructed biosensor by monitoring its growth and fluorescence when it is co-cultivated with bacteria that may secrete amino acids. Accordingly, we used *L. lactis* wild-type strains to investigate whether the capacity to secrete the essential amino acids is present in these bacteria. [Fig. 1](#fig1){ref-type="fig"}A describes our strategy based on co-cultivation of two bacterial cells, the GFPsensor and a potential amino acid producer. The amino acid producer is a proteinase positive (PrtP+) strain that is able to grow in a medium containing casein as nitrogen source. In contrast, the GFPsensor is unable to import casein-derived peptides, but can take up the essential amino acids that might be secreted by the producer. Consequently, the growth of GFPsensor cells by measurements of GFP expression is used as an indicator of the level of amino acids secreted by wild-type cells. Thus, the lower the amounts of produced essential amino acid, the lower the GFPsensor fluorescence signal (RFU).Fig. 1**A whole-cell sensor system to detect secreted amino acids**. (A) An amino acid producer cell bears the PrtP proteinase to breakdown casein molecules, which provides the cell with casein-derived peptides. These peptides are intracellularly further degraded by peptidases, which results in free amino acids. The GFPsensor cell lacks the oligopeptide peptide transport systems and therefore, it is unable to grow unless the amino acid producer secretes essential amino acids to the environment. (B) Growth curves of PrtP ​+ ​strains (MG610 and NZ9000pLP712, in blue and red, respectively) performed with CDM-casein. Both PrtP ​+ ​strains are able to degrade casein and grow, in contrast to the GFPsensor (green line), which is unable to grow. (C) The fluorescence signal of the GFPsensor strain (y-axis) indicates its growth when co-cultivated with potential producer strains (x-axis). The growth of the GFPsensor indicates secretion of essential amino acids (Leu, Iso, Val, Met, His and Glu) by the producer *L. lactis* strains. Fluorescence measurements were recorded by plate reader assays; three samples per strain are shown. (D) Snapshots of time-lapse experiments. The GFPsensor cells are co-cultivated with the SK11 strain (top images), and co-cultivated with the Wg2 strain (bottom images). Overlays of fluorescence-channel and bright-field are shown. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

Two proteinase positive (PrtP+) strains were selected to perform amino acid secretion experiments, the MG610 and NZ9000pLP712 strains (see [Table S1](#appsec1){ref-type="sec"}). Initially, we tested the growth of these strains in chemically defined medium (CDM) supplemented with casein 1% (w/v) (CDM-casein). [Fig. 1](#fig1){ref-type="fig"}B shows that both PrtP ​+ ​strains are able to grow under these conditions, but the GFPsensor strains do not grow ([Fig. 1](#fig1){ref-type="fig"}B). Next, we co-cultivated the GFPsensor with each of the two PrtP ​+ ​strains, in order to test their capacity to secrete amino acids. The sensor is unable to grow in the presence of any of the PrtP ​+ ​strains ([Fig. S2](#appsec1){ref-type="sec"}). These results suggest that the PrtP ​+ ​strains do not secrete enough amounts of the essential amino acids. In agreement with this finding, previous studies on the catalytic activity of PrtP demonstrated that this proteinase degrades casein into oligopeptides, and only traces of free phenylalanine were detected ([@bib32]; [@bib39]). Remarkably, our data supports the idea that the free amino acids released by casein degradation via PrtP do not reach the minimum amounts of the essential amino acids to sustain the growth of the GFPsensor. Thus, other different factors than the presence of the proteinase genes might result in the amino acid secretion capacity of certain strains.

3.2. Benchmarking of the growth-based amino acid sensor {#sec3.2}
-------------------------------------------------------

Since no evidence of amino acid secretion by the PrtP ​+ ​strains (MG610 and NZ9000pLP712) was found, we aimed to investigate whether this capacity is present in other *L. lactis* strains. We tested the growth of the GFPsensor when co-cultivated with different strains of a collection of different wild-type *L. lactis* strains (see [Table S1](#appsec1){ref-type="sec"}). [Fig. 1](#fig1){ref-type="fig"}C and 1D show that the GFPsensor grows in co-cultivation with the *L. lactis* Wg2 strain, whereas it is unable to grow in co-cultivation with other strains, such as the *L. lactis* SK11 strain. This result indicates that, while Wg2 secretes at least the six essential amino acids, SK11 lacks this property. Importantly, there are minor differences in the amino acid sequences of the proteinases from different strains, i.e. the PrtP amino acid sequences of the strains Wg2 and SK11 are 98% identical ([@bib39]). Although NZ9000pLP712 shows a GFPsensor signal higher than other strains, the time-lapse experiment ([Fig. S2](#appsec1){ref-type="sec"}) shows a poor growth of the GFPsensor. This observation might be explained by very low levels of amino acids secretion that still are detected by plate reader measurements. Correspondingly, based on these findings, we aimed to use the GFPsensor as a detection tool for identifying amino acid secretion in other potential amino acid producers.

Strains of *Lactococcus lactis* subsp. *lactis* biovar diacetylactis are a component of mixed cultures used in the dairy industry ([@bib18]). Besides the well-known citrate utilization by this bacterium, which results in production of carbon dioxide and diacetyl ([@bib50]), we investigated whether some *L. lactis* biovar diacetylactis strains are also able to secrete amino acids at a relatively high level. A total of eight *L. lactis* biovar diacetylactis from different sources were collected (see [Table S1](#appsec1){ref-type="sec"}). The presence of the *prtP* gene in these strains was assessed by PCR amplification ([Fig. S3](#appsec1){ref-type="sec"}). Next, the PrtP ​+ ​*L. lactis* biovar diacetylactis strains were screened for amino acid secretion by co-cultivation with the GFPsensor. [Fig. 2](#fig2){ref-type="fig"} shows that the growth of the GFPsensor is highly promoted by co-cultivation with the WW4 and NCDO176 strains, and to a lesser extent by co-cultivation with others such as CNRZ190 and CRL264. The observations by fluorescence microscopy of the co-cultivation experiments ([Fig. 2](#fig2){ref-type="fig"}B, 2C and 2D) are in agreement with the GFPsensor values of plate-reader assays in [Fig. 2](#fig2){ref-type="fig"}A (see [Fig. S4](#appsec1){ref-type="sec"}), for instance the low fluorescence value for the co-cultivation with the IPLA838 strain is observed as a low number of GFPsensor cells in [Fig. 2](#fig2){ref-type="fig"}B.Fig. 2**Screening of*****Lactococcus lactis*****subsp.*****lactis*****biovardiacetylactis strains for amino acids secretion.** (A) GFPsensor fluorescence signal (y-axis) when the GFPsensor strain is co-cultivated with different producer strains (x-axis), the higher the GFPsensor fluorescence, the higher the number of GFPsensor cells. (B, C, D) Representative snapshots of co-cultivation of the GFPsensor with three different producer strains by fluoresce microscopy. The three strains are able to grow, but IPLA838 (B) promotes poor growth of the GFPsensor, NCDO176 (C) promotes better growth of the GFPsensor, and the presence of WW4 (D) highly promotes the growth of the GFPsensor. Overlays of the fluorescence-channel and the bright-field are shown.Fig. 2

3.3. *L. lactis* cells secrete the amino acids into their environment {#sec3.3}
---------------------------------------------------------------------

As noted above, bacteria produce and secrete many metabolites into their culture media, including amino acids ([@bib31]; [@bib41]). Since the report of glutamate secretion by *Corynebacterium glutamicum* in 1957 ([@bib30]), many other amino acid producers have been described ([@bib27]; [@bib34]). Recent studies about cross-feeding interactions in bacteria have also identified a contact-dependent amino acid exchange between donor and recipient cells ([@bib14]; [@bib38]; [@bib47]). Therefore, we addressed the question whether the observed growth of the GFPsensor strain, when obtaining essential amino acids from producer strains, is contact-dependent. To this end, supernatants of monocultures of *L. lactis* NCDO176 (amino acid producer) and MG610 (non-amino acid producer) were collected after the strains were grown in CDM-casein ([Fig. S5](#appsec1){ref-type="sec"} and Methods). The GFPsensor is able to grow in CDM-aa (without amino acids) supplemented with the supernatant of the NCDO176 strain, but it is unable to grow when the CDM-aa is supplemented with the supernatant of the non-amino acid producer ([Fig. S6](#appsec1){ref-type="sec"}). These results revealed that the amino acids are secreted into the culture supernatant in a non-contact dependent way.

To further confirm our findings, we quantified the amino acids content in the supernatant of cultures of both, amino acid producers and non-amino acid producers by an HPCL assay (see Methods 2.8). [Table 1](#tbl1){ref-type="table"} shows that the amino acid producers indeed secrete the essential-amino acids. Moreover, the profiles of amino acid contents in the culture supernatants are consistent with the GFPsensor signal values observed in [Fig. 1](#fig1){ref-type="fig"}, [Fig. 2](#fig2){ref-type="fig"}A. The lowest amino acid contents correspond to non-amino acid producers such as the SK11 strain, and the highest amino acid contents are observed in the culture supernatant of the WW4 strain. Taken together, these results show that the amino acid secretion capacity is present in *L. lactis* producer strains, and it is not dependent on the contact to the GFPsensor strain.Table 1Contents of essential amino acids in culture supernatants of wild-type strains.Table 1SampleGluHisValMetIleLeuCDM-caseinBNDND0.8 ​± ​0.1NDND1.1 ​± ​0.1SK11A14.2 ​± ​0.2ND1.1 ​± ​0.1ND0.7 ​± ​0.10.7 ​± ​0.1B39.7 ​± ​0.85.8 ​± ​0.31.7 ​± ​0.1ND2.2 ​± ​0.30.7 ​± ​0.1NZ9000pLP712A36.6 ​± ​1.04.4 ​± ​0.55.5 ​± ​0.55.2 ​± ​0.93.6 ​± ​0.42.9 ​± ​0.2B60.8 ​± ​0.59.9 ​± ​0.210.1 ​± ​0.4ND3.0 ​± ​0.110.0 ​± ​0.2MG610A3.3 ​± ​0.2NDNDND0.9 ​± ​0.1NDB5.3 ​± ​0.1NDNDND0.7 ​± ​0.1NDWg2A15.0 ​± ​0.22.6 ​± ​0.136.0 ​± ​0.76.6 ​± ​0.411.7 ​± ​0.418.2 ​± ​0.1B29.3 ​± ​0.74.6 ​± ​0.167.9 ​± ​1.311.7 ​± ​0.423.5 ​± ​0.235.0 ​± ​0.2NCDO176A41.1 ​± ​0.15.9 ​± ​0.139.9 ​± ​0.311.5 ​± ​0.46.4 ​± ​0.320.8 ​± ​0.4B59.2 ​± ​0.48.0 ​± ​0.256.0 ​± ​0.215.2 ​± ​0.110.2 ​± ​0.238.3 ​± ​0.9WW4A228.1 ​± ​1.911.6 ​± ​0.4145.8 ​± ​0.652.8 ​± ​0.930.7 ​± ​0.8124.5 ​± ​1.4B262.0 ​± ​1.716.2 ​± ​0.2152.0 ​± ​1.152.9 ​± ​0.428.8 ​± ​0.4162.2 ​± ​1.3IPLA838A11.0 ​± ​0.33.9 ​± ​0.11.6 ​± ​0.11.5 ​± ​0.10.6 ​± ​0.12.0 ​± ​0.1B21.1 ​± ​0.46.3 ​± ​0.13.8 ​± ​0.23.2 ​± ​0.10.4 ​± ​0.22.8 ​± ​0.1aa solution991.3 ​± ​1.5144.4 ​± ​1.1642.0 ​± ​2.6211.8 ​± ​1.3531.1 ​± ​0.3790.0 ​± ​0.9[^1]

3.4. Enhanced amino acid secretion by *L. lactis* {#sec3.4}
-------------------------------------------------

A diverse range of amino acid secretion profiles is observed by different lactococcal strains (see [Table 1](#tbl1){ref-type="table"}). Consequently, we attempted to obtain strains with high-yield amino acid production, and aimed to improve a strain with a relatively low amino acid secretion profile. Although classical approaches, e.g. random mutagenesis, have been used for a long time as a common technique to improve microorganisms ([@bib2]; [@bib17]), the selection of mutants with improved secretion of a compound of interest is a difficult task due to diffusion of the compound into the environment where the bacteria grow ([@bib28]; [@bib58]). Recent technologies have tackled this challenge by usage of compartmentalization techniques, where the metabolite of interest is confined in a delimited area ([@bib8]; [@bib56]).

We employed an agarose-based droplet technology to co-cultivate the GFPsensor with mutated cells of the amino acid-producer strain in order to select for (non-GMO) strains with improved-amino acid secretion. Since WW4 highly promotes the GFPsensor growth, indicating that it secretes already a high concentration of essential amino acids, the chances to distinguish enhanced secretion by WW4 are lower than using a strain with relatively low amino acid secretion capacity. The *L. lactis* IPLA838 strain was selected as amino acid producer to perform the droplet-based high-throughput screening because of its relatively low levels of amino acid secretion ([Fig. 2](#fig2){ref-type="fig"}A, [Table 1](#tbl1){ref-type="table"}). To achieve this aim, strain IPLA838 was subjected to chemical mutagenesis, resulting in a mutated population (designated as MUTproducers). Encapsulation of MUTproducer-GFPsensor cells was performed in aqueous droplets in oil (see [Fig. S7](#appsec1){ref-type="sec"} and Methods 2.10). After incubation for 18 ​h ​at 30 ​°C, we aimed to recover the droplets with the highest number of GFPsensor cells, i.e. the droplets where the MUTproducer cells yielded the highest amounts of essential amino acids. [Fig. 3](#fig3){ref-type="fig"}A shows the workflow to obtain the droplets of interest. We analyzed 30,000 droplets. Droplets showing a fluorescence signal above the threshold of droplets with co-cultivated GFPsensor and wild-type amino acid-producer cells were recovered by fluorescence-activated cell sorting (FACS, see [Fig. S8](#appsec1){ref-type="sec"}). Although droplets in different sizes (30--50 ​μm) were obtained (polydispersity), the droplets with high fluorescence, i.e. droplets containing candidate overproducers, show similar values of side-scattered light (SSC), an indication of the inner complexity of the droplets, in the flow cytometric analysis (See [Fig. S8D](#appsec1){ref-type="sec"}). This observation implies that the higher GFP signals are not necessarily a consequence of polydispersity, and therefore the enrichment of overproducers is feasible with a first round of FACS screening. Single-droplet sorting was performed in 96-well plates. Subsequently, the MUTproducer cells of each plate well (one droplet in each well of the 96-well plate) were streak-platted on one M17-agar plate. Single colonies were isolated on M17-agar plates with lactose 0.5% (w/v), a carbon source that only MUTproducer cells are able to utilize.Fig. 3**Screening strategy to select*****L. lactis*****strains with enhanced amino acid secretion.** (A) GFPsensor fluorescence signal (RFU; x-axis) and side-scattered light measurement (SSC; y-axis) of droplets containing mutated cells (MUT) and GFPsensor cells (dark red) and droplets containing wild-type cells (WT) and GFPsensor cells (blue). The sorted droplets that showed fluorescence signal above the threshold (droplets containing WT cells) are highlighted in a light yellow. The single-droplet sorting was performed in 96-well plate and single colonies were obtained by streak-platting method in M17 agar plates containing lactose as carbon source. (B) Screening for amino acid secretion by 103 MUT strains by co-cultivation with the GFPsensor. The GFPsensor fluorescence signal (y-axis) when it is co-cultivated with each MUT strain is shown. The wild-type strain (WT) is indicated (black dot), and strains that highly promote the growth of the GFPsensor are highlighted (blue dots). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 3

Next, 103 MUTproducer strains were randomly selected from 103 single colonies (one colony per M17-agar plate) for further characterization. The capacity of amino acid secretion by the selected MUTproducers was assessed by co-cultivation with the GFPsensor in the plate-reader assay as described above. [Fig. 3](#fig3){ref-type="fig"}B shows the GFPsensor signal in co-cultivation with each MUTproducer strain, i.e. it shows the amino acid secretion capacity of each MUTproducer strain. Importantly, a random selection of MUT producers, i.e. without using our droplet-method, reduces the chances to enrich amino acid overproducers ([Fig. S9](#appsec1){ref-type="sec"}). Thus, we demonstrate that the use of a combination of droplet-technology with FACS, allows to efficiently isolate overproducers.

Seven *L. lactis* MUTproducer strains with the highest enhanced-amino acid secretion were selected to quantify the amino acids contents in culture supernatants. [Fig. 4](#fig4){ref-type="fig"} shows that the enhancement of amino acid secretion favored mostly glutamic acid in all strains, with improvements up to \~10 fold (strains MUT-91 and MUT-15) compared to the wildtype, followed by leucine with \~30 fold higher concentrations in strain MUT-91, valine secretion improved \~10 fold in strain MUT-91 and MUT-15. And to a lesser extent, histidine secretion was doubled. Minor enhancements of isoleucine and methionine production were observed.Fig. 4**Contents of essential amino acids in culture supernatants of MUT strains**. Values indicate concentration (μM), two sampling points are shown: A-end of lag growth phase, and B- mid exponential growth phase (see [Fig. S4](#appsec1){ref-type="sec"}). After the strains were grown in CDM-casein medium, the concentrations of amino acids in the culture supernatants were measured using a HPLC assay coupled with fluorescence detection. The samples of the wildtype correspond to the first two bars in each plot (A and B samples). Quantifications were performed in duplicates, and average values are shown. Error is shown as SD. Exact concentrations for all the samples are shown in [Table S6](#appsec1){ref-type="sec"}.Fig. 4

3.5. Identification of point mutations {#sec3.5}
--------------------------------------

The genomic DNA of the three MUTproducer strains with the highest GFPsensor signal values in [Fig. 3](#fig3){ref-type="fig"}B (MUT-91, MUT-15 and MUT-21) was sequenced in order to identify the mutations in genes that confer enhanced amino acid secretion by *L. lactis* (see Methods). The DNA sequencing data reveal that the three strains have several mutations in common (see [Table S3](#appsec1){ref-type="sec"}). In [Fig. 5](#fig5){ref-type="fig"}A two relevant mutations are shown, a double amino acid substitution in the *IPLA838_00548* gene encoding a peptidase and one amino acid substitution in the *oppA* gene that encodes the oligopeptide-binding protein.Fig. 5**Identified mutations in the genomic DNA sequences of three MUT strains with the highest amino acid secretion.** (A) Amino acid substitutions related to the proteolytic system of *L. lactis* are shown: two mutations F508S (TTT→TCT) and E504G (GAA→GGA) occurred in a gene encoding a peptidase (*IPLA838_00548*), and one mutation N2K (AAC→AAA) occurred in the *oppA* gene. (B) Relationship between the amino acid secretion capacity of different strains and the second residue of the OppA amino acid sequence. (C) Identified mutations in the 5′ UTR of the *oppA* gene, a transition (T→A) and the one nucleotide deletion (ΔG) is indicated with an asterisk (∗).Fig. 5

As described above, our findings show that the sole presence of the proteinase PrtP does not result in amino acid secretion ([Fig. 1](#fig1){ref-type="fig"}c, [Fig. S2](#appsec1){ref-type="sec"}). Since there are several PrtP proteinase types, based on their amino acid sequences ([@bib21]), we investigated whether the amino acid secretion capacity is related to a specific proteinase type. The amino acid sequences of the proteinase PrtP of strains with and without amino acid secretion capacity were analyzed and no relationship between this property and proteinase types or bacterial subspecies is observed ([Table S4](#appsec1){ref-type="sec"}, [Table S5](#appsec1){ref-type="sec"}).

Remarkably, the mutations in the *IPLA838_00548* and *oppA* genes suggest that the secretion capacity by *L. lactis* is related to the peptide uptake system and the enzymes responsible to further degrade peptides into amino acids. We suggest that an imbalance or defect in peptides uptake or degradation, results in accumulation of free amino acids, which the cell needs to remove by secretion. Moreover, we analyzed the OppA protein sequences in both, positive and negative amino acid-secreting strains, and observed a relationship between the mutation Asn2→Lys that occurred in the IPLA838 strains and the amino acid secretion capacity ([Fig. 5](#fig5){ref-type="fig"}B). For instance, the positive amino acid-secreting strains MUT-91, MUT-15 and MUT21 have a lysine at position 2 of the OppA amino acid sequence as other positive amino acid-secreting strains such as WW4 and NCDO176. In contrast to the IPLA838 with low amino acid-secretion capacity, which has an asparagine at position 2 of the OppA amino acid sequence, as well in the OppA amino acid sequence of the negative amino acid-secreting strain SK11. In addition, [Fig. 5](#fig5){ref-type="fig"}C shows that other mutations observed in the three sequenced MUT strains are in the 5' UTR region of the *oppA* gene, one nucleotide substitution (T→A) and one nucleotide deletion (ΔG). We speculate that these mutations contribute to the amino acid production capacity, although an extra analysis of the contribution of these mutations in the *oppA* expression is required.

4. Discussion {#sec4}
=============

In this work we have developed and characterized a biosensor for detection of the amino acids leucine, isoleucine, valine, methionine, histidine and glutamic acid. Essentially, our biosensor might find application in the amino acids market because it can be employed to select for *L. lactis* strains that overproduce these amino acids. Another application is to develop this sensor further into a semi quantitative biosensor to detect amino acids in complex (food) matrices, which is currently a difficult task that depends on analytical techniques and tedious sample preparation methods ([@bib5]). But most relevant in this study, growth-based biosensors are useful tools for screening wild-type strains based on their ability to secrete metabolites ([@bib5]). In this respect, LAB strains with increased production of flavor-promoting amino acids are an attractive target ([@bib33]; [@bib60]). Hence, we characterized a small collection of *L. lactis* biovar diacetylactis strains based on their ability to secrete amino acids, and the GFPsensor enabled us to identify wild-type strains with high-yield amino acid secretion.

Droplet-based technologies have become a powerful strategy to improve the production of secreted metabolites ([@bib11]; [@bib58]). Based on the co-cultivation of mutated amino acid producing strains with the GFPsensor in agarose droplets, we could identify variants with increased secretion of mainly glutamate, leucine and valine. Moreover, we observe that when the GFPsensor grows in co-cultivation with either WW4 or MUT-91, it provides similar fluorescence signals, indicating similar growth. These observations support the idea that the free amino acids released by MUT-91, despite being lower than that of WW4, reach the minimum amount of essential amino acids to sustain the growth of the GFPsensor. In addition, we cannot exclude the possibility that by providing the minimum or higher concentrations of glutamic acid, leucine and valine, such as the secretion by MUT-91, once these amino acids are taken up, intracellular conversion of these three amino acids into other (essential) amino acids or chemical compounds benefits the GFPsensor growth.

It is important to note that when the GFPsensor meets the required or higher concentrations of the essential amino acids, the culture reaches similar cell densities. Since WW4 highly promotes the GFPsensor growth, i.e. secretes essential amino acids at high concentrations, the chances to distinguish enhanced secretion by WW4 are lower than when using a strain with relatively low levels of amino acid secretion such as IPLA838. Therefore, a limitation of our droplet-based screening is the selection of wild-type *L. lactis* strains with amino acid secretion at similar or higher yields to the WW4 strain. Further work on the GFPsensor to increase its amino acid requirements might tackle this limitation. For instance, a decrease in amino acid affinity by the GFPsensor would result in higher amino acid requirements for growth. Thus, an increased dynamic range might facilitate the selection of wild-type *L. lactis* strains with higher-titers of amino acids. Alternatively, one can adjust the ratio between the producer and sensor strain in the droplets when high production is expected.

In Gouda and Cheddar type cheese, the starter cultures contain *L. lactis* subsp. *lactis* and *L. lactis* subsp. *cremoris*, not only for milk acidification, but also for the formation of cheese flavor compounds through the production of peptides and amino acids, which are converted to volatile compounds ([@bib37]). Sensory studies support the relationship of free amino acid content and flavor formation ([@bib51]). Glutamate is largely responsible for the umami taste in cheeses, whereas branched-chain amino acids (leucine, valine and isoleucine) are the major precursors of aroma compounds ([@bib20]; [@bib53]). Therefore, we hypothesize that our isolated strains with increased concentrations of these amino acids might have a positive effect on flavor formation. Mutations in the peptide uptake and peptide degradation process, i.e. the gene encoding the oligopeptide transport system (*oppA*) and the *IPLA838_00548* peptidase, suggest these genes as targets to improve amino acid secretion.

Food fermentations rely on a mixture of microbes to obtain a product with desired properties ([@bib6]; [@bib29]). Mixed-culture fermentations are environments where microbes establish bacterial interactions such as metabolite exchange and the food products are a result of tasks performed by more than one microbe ([@bib4]). Thus, our selected (non-GMO) strains with high-yield amino acid production are candidates to participate in consortia of microbes in fermenting food products. Since previous studies have shown that proteolytic *L. lactis* strains (PrtP+) supply peptides to non-proteolytic strains (PrtP-) ([@bib48]), we propose that the secretion of essential amino acids might also exert a positive effect, for instance by stimulation the growth of other microbes in consortia.
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[^1]: Values indicate concentration (μM). Two sampling points are shown: A-end of lag growth phase, and B- mid exponential growth phase (see [Fig. S4](#appsec1){ref-type="sec"}). After the strains were grown in CDM-casein medium, the concentrations of amino acids in the culture supernatants were measured using a HPLC assay coupled with fluorescence detection. Strains with positive and negative amino acid secretion capacity are shown. A positive (standard amino acid solution) and negative (CDM-casein) control are shown. Amino acids below the detection limit of the HPLC assay are indicated as ND. Quantifications were performed in duplicates, and average values are shown. Error is SD.
